This study was designed to determine the mutagenicity in extracts of aerosols generated from biofuel combustion in household cooking devices commonly used in India. Wood, dung cake and biofuel briquette were used as fuel in various stoves, including both traditional and improved stoves made of mud, fired clay and metal. The combustion aerosols of particle diameter less than 2:5 mm (PM2.5) were collected, and their organic extracts were tested for mutagenicity using the Ames Assay test with TA98 and TA100 strains of Salmonella typhimurium and studies were performed both with and without metabolic activation to account for direct and indirect acting mutagens. The measured mutagenicity emission factors, i.e., number of revertants per kg of fuel burnt, indicate that wood demonstrates significantly lower mutagenicity compared to dung cake and briquette. No significant stove effect was observed across all the fuels studied. The contribution of direct-acting mutagens was found to be greater than 70% in all cases. Such a high relative contribution of direct-acting mutagenicity has not been previously reported for biomass combustion aerosols.
Introduction
Biofuels are extensively used for cooking and house heating in rural as well as urban households in India. Biofuel combustion has been linked to high concentrations of mutagenic and carcinogenic species such as polycyclic aromatic hydrocarbons (PAHs), in the indoor environments (Raiyani et al., 1982) and to high emissions of aerosol-phase PAHs . Users directly exposed to combustion smoke may receive a large dose of these pollutants and be threatened by the carcinogenic risk associated with them. PAHs as well as numerous PAH derivatives, i.e., alkylated PAHs, nitro-PAHs, oxygenated PAHs, quinones, hydroxy and hydroxynitro compounds, are produced by the incom-plete combustion of fuels such as coal, gasoline, diesel and biofuels (Beak et al., 1991; Matsumoto et al., 1998) . The mutagenicity and carcinogenicity of PAHs associated with combustion and ambient aerosols have been conclusively demonstrated through bacterial assays, human cell mutagenicity assays, animal assays and epidemiological studies (Hannigan et al., 1998; Helmig et al., 1992; Kamens et al., 1984; Kleindienst et al., 1986; Mastrangelo et al., 1996; McCrillis et al., 1992; Moller and Alfheim, 1980) . The Ames assay test, a plate incorporation test based on genetically engineered microorganisms offers a relatively quick method for mutagenicity assessment and has been widely used as a screening tool for determining health risks associated with emissions, effluents and specific chemicals (Madill et al., 1999; Maron and Ames, 1983) . The strains most commonly used include strains of Salmonella typhimurium, e.g., TA98 and TA100. These strains are incapable of producing histidine ðhisÀÞ: Reversion of the strains to histidine-independent wild type is evidence for mutagenicity, and reversion frequency is typically related to the dose of the mutagen. Since these bacterial models lack the activating enzymes that are often responsible for conversion of some chemicals to mutagenic species, activating enzymes prepared from rat liver microsomal fractions (S9) may be added to the assay for identifying these indirect acting mutagens.
While the PAHs are indirect-acting mutagens, requiring activation by the mammalian enzyme system before mutagenicity is expressed, some of the PAH derivatives, i.e., the nitrated PAHs are strong direct-acting mutagens (Helmig et al., 1992) . The higher direct-acting mutagenicity in vehicular emissions than in the indoor environments, measured by Pierson et al. (1983) , was attributed to PAH derivatives formed during incomplete combustion. The photooxidation and aging of residential wood smoke in presence of sub-ppm levels of nitrogen oxides and ozone was shown to cause a 2-10 fold increase in the direct-acting mutagenicity due to formation of nitro-PAHs (Kamens et al., 1984) . Organic solvent extract of diesel engine exhaust particles have been shown to be directly active in the Ames assay and Salmeen et al. (1984) has demonstrated that although 30-40% of this mutagenicity could be attributed to nitroarenes (mono-and di-nitro pyrenes and fluoranthenes) about 15-20% was associated with unidentified polar compounds. However, the toxicological implications of high direct-acting mutagenicity based on bacterial assay is as yet unclear. Many of the direct acting mutagens such as nitro-PAHs are seen to contribute far less to mutagenicity in mammalian cell mutagenicity assays (Hannigan et al., 1998) .
This study was designed to determine the mutagenicity of respirable aerosols associated with biofuel combustion in household cooking devices, i.e., stoves, commonly used in India. Such a study can determine which fuel is least harmful and which combustion device poses the least mutagenic risk associated with its emissions. The fuels tested include wood, dung cake and biofuel briquettes. Tests were conducted in both traditional U-shaped mud stoves and in various improved stoves made of fired clay and metal. The combustion aerosols of particle size less than 2:5 mm (PM2.5) were collected and extracted using organic solvents and the extracts were tested for mutagenicity, using Ames Assay conducted with two tester strains of S. typhimurium, TA 98 and TA 100. TA98 is designed to detect frameshift mutations whereas TA100 is designed to detect base-pair mutations. Variation in the mutagenicity values obtained with the two tester strains has been reported in the literature and is interpreted as being indicative of the probability of the respective types of mutation (Madill et al., 1999; Moller and Alfheim, 1980) . In this study, mutagenicity was determined both in the presence and in the absence of activating enzymes from rat liver microsomal fractions (S9), so as to determine the relative contribution of direct-acting and indirect-acting mutagens. Although there are some studies dealing with the mutagenicity assessment of wood combustion in stoves used for home heating (McCrillis et al., 1992) , no studies have focussed on mutagenicity assessment of wood combustion in stoves used for cooking, and compared the mutagenicity of wood with other biofuels. McCrillis et al. (1992) had compared across conventional and catalytic stoves, using one type of fuel and had concluded that stove design effects can significantly contribute to mutagenicity, however, a systematic study of stove design effects across various types of fuels have not been reported previously. This study is of great significance in the Indian context where biofuels continue to serve as the predominant cooking fuels in the less-developed rural areas and also supplies some of the fuel needs in urban areas (Ravindranathan and Hall, 1995) .
Methodology
The biofuels used include wood (Acacia nilotica, local names Keekar or Babul), dung cake and biofuel briquettes. The cylindrical briquettes (H ¼ 10 cm; OD ¼ 6 cm and ID ¼ 1:5 cm) were made with pine-needles, dung and starch binder using an extruder. The biofuel briquette was selected to evaluate the potential for emission reduction through fuel modification. The moisture content was similar in all the fuels. Wood had a higher heating value ð16 MJ kg À1 Þ compared to dung cake and briquette ð10 MJ kg À1 Þ which correlates well with the proximate and ultimate analysis results and shows that wood has a high volatile matter, fixed carbon and oxygen content, while the dung cake and briquette have higher ash content (Venkataraman and Rao, 2001) . The stoves used included three one-pot stoves of metal (S1), fired clay (S2), and mud (S3) and one two-pot fired clay stove (S4). Stoves S1, S2 and S4 were designed for improved thermal efficiency, while S3 was a traditional, U-shaped stove. The ranges in burn rate and combustion temperature were 0.39-1:05 kg h À1 and 483-6721C; respectively, across the various fuels and stove types. Details on fuel preparation, stove design, and thermal parameters have been reported elsewhere (Swain et al., 2002) .
Collection and extraction of biomass combustion aerosol
The combustion experiment for a biofuel in any stove was conducted according to a standard burn cycle, consisting of burning just enough fuel for bringing to boil 1:5 kg of water in a covered flat bottomed aluminum vessel and to maintain it simmering for 5 min; thereafter. The weight of fuel combusted was determined gravimetrically. The combustion emissions generated during the standard burn cycle were collected using a dilution sampler (Venkataraman and Rao, 2001 ) so as to allow isokinetic sampling and adequate residence time for dilution, complete quenching and aerosol formation. The aerosols generated were collected using a virtual impactor-based dichotomous sampler (Model 241, Graseby Andersen Inc., USA) operated at a total flow rate of 16:7 l min À1 : It collected particles in two size fractions, i.e., 0.02-2:5 mm and above 2:5 mm aerodynamic diameter on 37 mm quartz fiber filters (QM-A, Whatman International Ltd., UK), pre-baked at 6001C for 4 h for removing organic contaminants. Particle and PAH size distributions from these stove-fuel systems showed almost no mass above an aerodynamic diameter of 2 mm (Venkataraman and Rao, 2001; Venkataraman et al., 2002) . As the emissions containing mass of particles and related mutagenic constituents lay in particles smaller than 2 mm diameter, we expect the mutagenicity to be present in this particle size range, leading to the choice of the PM2.5 fraction for mutagenicity testing.
The PM2.5 fraction collected from four individual burn experiments for each stove-fuel system (Swain et al., 2002) was used in this study. One-half of each of the four filters were extracted together in dichloromethane (DCM) for PAH measurements (Swain et al., 2002) and the other-half in DCM followed by dissolution in dimethylsulfoxide (DMSO) for the mutagenicity measurements presented here. We believe that adsorption and blow-off artifacts that affect the collection of semi-volatile organic compounds (Grosjean, 1983; Coutant et al., 1988; Zhang and McMurry, 1991) would not be significant here, because of the low sampling flow rate in the dichotomous sampler (15 lpm in the fine fraction flow) leading to a relatively low face velocity of about 0:23 ms À1 : Also, the sampling time, which corresponded to the burn time, was short lasting between 20-30 min (Venkataraman and Rao, 2001) , minimizing both blowoff and adsorption losses. In addition, semi-volatile PAH concentrations measured with the dichotomous sampler correlated well with those from parallel collection with a micro-orifice impactor , which has collection efficiencies of over 98% for semi-volatile species with vapor pressures lower than 10 À9 atm (Zhang and McMurry, 1991) . The PM2.5 particle emission factor was determined after correcting the particle mass recorded in the sampler with the volume of air exhausted through the duct and accounting for the mass of fuel burnt. The filters were extracted in 5 ml of DCM in an ultrasonic extractor (Branson Inc., USA) for 30 min in sterile pre-weighed test tubes and evaporated to complete dryness using a stream of high-purity nitrogen. The weight of the organic residue was determined gravimetrically and it was used to express extractable organic matter normalized to PM2.5. The residue was subsequently redissolved in 1 ml of DMSO. Dilutions of this extract, i.e., 20, 30 and 50 mg ml À1 were tested in the Ames test. Parallel studies on analysis of PAHs associated with PM2.5 particles for the same set of combustion experiments have been reported elsewhere (Swain et al., 2002) . While a single extraction of the four filter halves was done in DCM to recover the organic matter for mutagenicity measurement, the extraction efficiencies of PAH in these particles have been measured rigorously Swain et al., 2002) . This was done by spiking one-half of a particle-laden filter with 20 ml of 10Â dilution of a standard containing known amounts of each PAH. Analysis of the spiked and unspiked filter halves gave average recoveries of 90-99% for various PAH. We therefore believe that there would be good recovery of other mutagenic compounds present in these particles as well.
Ames assay for mutagenicity determination
Two tester strains of S. typhimurium, TA98 and TA100, suggested for detecting frame-shift mutation and base-pair mutation, respectively, were used. The cultures were obtained as lyophilized cultures from IMTECH, Chandigarh. The test was performed in plates containing two layers of agar, the bottom agar (1.5%) providing a suitable support media and the top agar (0.7%) for applying the test chemical, metabolic activation reagent if required and the tester strain. All reagents were prepared as per Maron and Ames (1983) . Vogel-Bonner minimal media E (50X) supplemented with agar and glucose was used as bottom agar. Two milliliter of the top agar overlaid on top of 25 ml of hardened bottom agar in each plate consisted of agar, NaCl, histidine/biotin ð0:05 mmÞ; S9 mix (0:5 ml; only when metabolic activation was desired), test chemicals ð100 mlÞ and the desired tester strain ð100 mlÞ: The tester strain was pre-incubated in broth cultures at 371C so as to achieve microbial concentrations of 2 Â 10 9 CFU ml À1 ; i.e., 8 h for TA98 and 18 h for TA100, as determined through the spot test procedure described by Maron and Ames (1983) . The rat liver microsomal fractions for metabolic activation, i.e., S9, was obtained in lyophilized form (Moltox Inc., USA). The combustion extracts were applied to the plates at dose levels of 20, 30, and 50 mg ml À1 residue in DMSO (i.e., 2, 3 and 5 mg-organic extract). In addition to the test plates containing varying doses of the combustion extract a negative control consisting of DMSO solvent blank, and positive control plates containing known mutagens were also included to confirm the reversion properties and specificities of each strain, activity of the S9 mix and other components in the assay. For experiments without S9, sodium azide was used as positive control whereas for experiments with S9, benzo(a)pyrene was used as positive control. After hardening, the plates, covered in brown paper to exclude light, were incubated at 371C for 52 h and subsequently the revertant colonies formed in each plate were counted. Revertant wild-type (his+) colonies developed on the test plates corresponding to the mutagenicity of the test chemicals applied. A count of revertant colonies on the test plates over and above those in the negative controls was taken as a measure of mutagenicity of the test chemical at the applied dose level. The spontaneous reversion frequency of the negative controls and the reversion frequency of the positive controls were found to be of similar order as those reported by Maron and Ames (1983) .
Results and discussions
Ames mutagenicity assay was conducted on the extracts of PM2.5 collected in the stove burn experiments using different stove-fuel systems. Two sets of experiments were done without metabolic activation for determining direct-acting mutagenicity, whereas, only one set of experiments was done with metabolic activation for determining the overall mutagenicity. Based on the Ames assay test, the mutagenicity emission factor was determined for each stove-fuel system. This factor is determined as the slope of the dose-response plot (rev mg À1 of EOM) over a dose range 2-5 mg of the extract, and is expressed as revertants per kg of fuel combusted by multiplying with measured values of EOM/PM2.5 ðmg g À1 Þ and PM2.5 emission factor (g kg À1 fuel). The dose range for performing the mutagenicity tests were chosen so as to obtain revertant colony counts within the detection limits of the method. The mutagenicity emission factors are determined by linear regression performed on the data set comprising of three dose levels. The PM2.5 and extractable organic matter (EOM) emission factors pertaining to combustion in these stove-fuel systems (Table 1) are given both per kg of fuel burnt and per kWh of useful heat input into the pot, which accounts for the fuel heating value and stove thermal efficiency, and can be used to compare stove-fuel systems in terms of exposure per unit useful heat input. The range in mutagenicity emission factors for the various fuels across the various combustion devices are listed in Table 2 and a sample dose-response plot showing the regression line is shown in Fig. 1 . In several cases low regression coefficients are observed. With this limited data set, it is not possible to determine whether this is due to inherent non-linearity over the dose range tested or due to experimental errors and artifacts such as improper dissolution of the combustion extract residues in DMSO. Hence, such ambiguous data with regression coefficient less than 0.90 are not considered for discussion.
The overall emission factor values for babul wood obtained in this study are of comparable order but higher than the few values that have been reported by other researchers. The typical range for overall mutagenicity emission factor with TA98 reported by McCrillis et al. (1992) for conventional stoves operated with Pine wood and Oak wood at a burn rate of 2 kg h À1 was reported as 0.5-1:5 Â 10 7 rev kg À1 whereas our values are in the range 0.84-2:32 Â 10 7 rev kg À1 : The range for (Swain et al., 2002) . b Fuel heating values and stove thermal efficiency as given in Venkataraman and Rao (2001) .
direct-acting mutagenicity for pinewood and oakwood (TA98, ÀS9) was almost an order of magnitude lower, i.e., 0.1-0:3 Â 10 7 rev kg À1 whereas our values are significantly higher, 0.87-1:4 Â 10 7 rev kg À1 : Results reporting direct-acting mutagenicity significantly lower than overall mutagenicity has also been reported by Lewtas et al. (1987) in their studies on wood combustion employing a forward mutation assay with strain M 677. The wood/biofuel stoves studied here are naturalconvection devices in which pyrolysis, combustion and air flow induced by buoyancy are highly coupled. Fuel parameters like moisture content, ash content and percent volatile matter would affect the rates of pyrolysis and diffusion of the volatilized fuel components to the combustion zone. Stove design parameters, like the primary and secondary air-inlet area, and combustion chamber volume would affect the air-fuel ratio and especially mixing of the fuel and air in the combustion zone, the combustion efficiency and formation of pollutants.
The higher values and higher contribution of directacting mutagenicity observed in this study may be partly from combustion at lower burn rates (0.39-1:05 kg h À1 ) in the biofuel stoves, than in fireplaces or space-heating stoves examined in previous studies, in which the flue exerts a draft that enhances the burn rate. Particle and carbon monoxide emissions rates were seen to depend upon burn rate (Venkataraman and Rao, 2001; Joshi, 2002) , implying that burn rate would influence formation of the mutagenic pollutants as well. In addition, the low burn rate and natural convection in these smallscale stoves, could result in a more reducing environment in the combustion region than in fireplaces or space heaters, as evidenced by greater soot carbon to organic carbon ratios measured in a related study (Joshi, 2002) . Our results suggest that combustion at the low burn rates, and the consequent reductive conditions, may result in significant formation of PAH-derivatives that exhibit direct-acting mutagenicity, but this hypothesis must be examined through measurement of these compounds.
McCrillis et al. had reported that lower burn rates increased the total emissions but decreases the percent of emissions constituting the PAH fraction. Also, McCrillis et al. indicated a stove effect, catalytic stoves producing higher mutagenicity (1-4 Â 10 7 rev kg À1 for TA98+S9) than conventional stoves. Part of the differences in this study may be attributed to the effects on combustion of wood composition (characteristics of Babul wood being different than either Pine or Oak wood) and stove design. It may be highlighted that for wood the mutagenicity observed for combustion in the traditional mud stove is almost double that for the improved stoves made of metal and fired clay, and other than for the traditional stove, the mutagenicity values are in the same range as reported by McCrillis et al.
Both the direct-acting and overall mutagenicity emission factors are significantly higher for dung cake and briquette combustion compared to wood combustion. The difference in mutagenicity value for dung cake/ briquette and wood for each stove was subjected to a one-sided paired difference test to test this hypothesis while accounting for a possible stove effect. The difference was found to be significant at 99.5% confidence level, clearly establishing that wood is less mutagenic compared to dung cake and briquette. Due to limited data (values available for two stoves S2 and S3 only and significant non-linearity in TA100 data for dung cake for these stoves that percluded mutagenicity emission factor determination), no attempt is made to statistically compare the relative mutagenicity of dung cake and briquette. The TA98 mutagenicity data seems to indicate that the direct-acting mutagenicity for these two fuels are comparable and in the range of 2-2:5 Â 10 7 rev kg À1 whereas the overall mutagenicity is relatively higher for briquette combustion (1:6 Â 10 7 -2:2 Â 10 7 rev kg À1 for dungcake and 2:6 Â 10 7 -4:3 Â 10 7 rev kg À1 for briquette). However, more data is needed to verify the latter conclusions. Similar order of mutagenicity between dung cake and briquette is supported by the fact that the briquettes are made using dung as a binder and pine-needle dust. The increase in overall mutagenicity for briquettes may be due to enhancement in PAH emission factors (measured) and related PAH-derivatives during briquette combustion. However, it has demonstrated that the PAH emission factors for dung cake and briquette combustion in these stoves are of similar order (Swain et al., 2002) . Thus, briquetting is not useful for reducing mutagenicity emissions.
An attempt was made to understand the stove effect on mutagenicity emission factors, irrespective of the fuel effects, particularly to determine if the traditional stove S3 caused higher mutagenicity emission compared to the improved stoves. The traditional mud stove S3 is reported to have a lower thermal efficiency (14-20%) compared to the improved stoves of fired clay and metal (21-33%) (Venkataraman and Rao, 2001) . The difference in mutagenicity value for stove S3 and the other stoves (S1, S2, and S4) for each fuel was subjected to a one-sided paired difference test to test this hypothesis while accounting for the fuel effect. The difference was found to be insignificant (at 95% confidence level), indicating that there is insufficient evidence to state that S3 causes higher mutagenicity emissions compared to the improved stoves irrespective of fuel type. It may be noted that for wood combustion and mutagenicity evaluation using TA98 both the overall and directacting mutagenicity appears higher for S3 than for the other stoves, the difference being significant at 97.5% confidence level. Similarly, McCrillis et al. (1992) indicated a stove effect when testing for one fuel with one tester strain, i.e., catalytic stoves producing higher overall mutagenicity with TA98 than conventional stoves for combustion of pine wood. However, our result cautions against assuming a stove effect to be valid across various fuel types. Moreover, our results for the stove effect observed with wood and TA98 data is not valid for the TA100 data for wood. Thus, a generalized conclusion on stove effect valid across all fuel types cannot be drawn.
Mutagenic compounds result from complex reactions that occur in flames of volatilized fuel constituents. For example, trends in ring-number distributions of polycyclic aromatic compounds (PAC) and nitro-PAC during coal pyrolysis (Yu et al., 1998 (Yu et al., , 1999 indicated that neutralization, polymerization and ring rupture were predominant at different stages of pyrolysis. As explained previously both fuel and stove parameters would affect pyrolysis and combustion in biofuel stoves.
Our results broadly suggest that in these experiments the fuel parameters, rather than stove parameters, affected combustion more significantly to influence formation of mutagenic pollutants.
Mutagenicity emission factors for TA100 are found to be higher than those for TA98, for the stove-fuel combinations tested. In general, the mutagenicity emission factors obtained with TA98 and TA100 followed the same general trend, however, the correlations were not good (0.69 for ÀS9 data and 0.52 for the +S9 data). The ratio of TA100/TA98 data ranged from 0.96 to 2.81 for direct-acting mutagenicity measurements and from 0.93 to 3.45 for overall mutagenicity measurements. It may be noted that both in the negative control plates and positive control plates TA100 yielded higher rev plate À1 compared to TA98. This indicates a higher potential for base-pair mutagenicity compared to frameshift mutagenicity. Several other researchers have also reported higher rev plate À1 values for TA100 compared to TA98, both for studies with and without metabolic activation, for organic extracts from mine tailings (Madill et al., 1999) and atmospheric particulates (Matsumoto et al., 1998; Pagano et al., 1996) . In contrast, Moller and Alfheim (1980) have reported a reverse trend, mutagenicity with TA98 greater than those with TA100 while characterizing the mutagenicity of airborne particulate matter in Oslo, indicating that the nature of particulate matter extract in atmospheric particulates may vary significantly from region to region.
Mutagenicity emission factors ðrev kg À1 Þ in the assay with and without metabolic activation (S9) for both the strains were compared. With metabolic activation (+S9), the mutagenicity emission factors were higher than the corresponding values without metabolic activation ðÀS9Þ as expected. However, a few exceptions were also noted. For TA100, good correlation was observed between mutagenicity emission factors generated in experiments with and without S9 ðR 2 ¼ 0:99Þ: The correlation for TA98 data with and without S9 was not as good ðR 2 ¼ 0:61Þ: Higher values in the assays with S9 is expected due to the contribution of both direct and indirect acting mutagenicity, whereas, in assays without S9 only the direct-acting component contributes. Our studies show that the ratio of the direct-acting component and the overall mutagenicity is 0.6 or higher in all cases, and greater than unity in a few exceptional cases (for TA 98). Such a high contribution of direct-acting mutagenicity has not been previously reported for biomass combustion. Reports on wood combustion by other researchers (McCrillis et al., 1992) indicate that the contribution of the direct-acting component is less than 0.1. However, values close to and greater than unity have been reported for diesel fuel combustion (Matsumoto et al., 1998) . Ratio of mutagenicity values without exogeneous metabolic activation to that with activation greater than unity seems counterintuitive, however, such results are possible since the contribution of the directacting and indirect acting components are not necessarily additive. Independent studies with direct-acting test samples have indicated complex interactions between S9 metabolism and bacterial metabolism (Harger and Arey, 2002) . Metabolism by S9 can produce products that enhance the direct-acting mutagenicity. On the other hand, non-specific binding of mutagens to proteins in S9 and metabolism of S9 to toxic products may also reduce the direct-acting mutagenicity. In our study, most of the enhancement of mutagenicity in the presence of S9 is due to the presence of indirect-acting components, such as PAHs, since PAH emission factors were measured (Swain et al., 2002) . However, some enhancement may also be due to enhanced sensitivity of the direct-acting component in presence of S9.
It is sometimes suggested that sampling artifacts and secondary formation of direct-acting mutagens such as nitro-PAHs by combination of PAHs in the emissions and NO x in the atmosphere may lead to a high contribution of direct-acting mutagenicity (Matsumoto et al., 1998) . While the species contributing to the strong direct-acting mutagenicity in our samples have yet to be identified, we do not believe that significant artifact formation of nitro-PAH would be present in this system. Arey et al. (1988) reported negligible artifact formation of nitro-fluoranthene and nitro-pyrene during 7-10 h of ambient air sampling during high NO x episodes, while Schuetzle and Perez (1983) reported 10-20% of 1nitropyrene formed as artifact during sampling of diesel exhaust using a dilution tunnel with dilution ratios of 10-15, temperature of 441C; NO 2 concentration of 3 ppm and sampling time of 23 min: The dilution sampler used here mimics ambient sampling closely with a measured average dilution ratio of 40-60, and temperatures of 28-301C; and a sampling duration of 19-30 min; similar to conditions in the previous studies where significant nitro-PAH were not formed. However, this hypothesis needs to be verified through measurements. As explained earlier in the paper our results suggest that combustion at the low burn rates in biofuel stoves, and the consequent reductive conditions in the flame, may result in significant formation of PAHderivatives that exhibit direct-acting mutagenicity, but this hypothesis must be examined through measurements.
Although PAH profiles and total PAH emission rate data are available for this study (Swain et al., 2002) no attempt was made to predict the mutagenicity values (based on literature available benzo(a)pyrene equivalency factors (BEQ) and measured PAH concentrations, assuming an additive model) and compare it with the measured values since the contribution of the directacting component was found to be so significant. It is unclear whether the overall mutagenicity represented by measurement in the presence of activating enzymes (S9) is a direct summation of the contribution of directacting and indirect-acting (PAHs) components. The mutagenicity of direct-acting components may either remain the same, decrease or increase depending on synergistic and antagonistic interactions between the two fractions. Thus, whereas we could have assumed the overall mutagenicity to be contributed primarily by the indirect-acting components, i.e., PAHs, if the measurements without S9 activation indicated negligible mutagenicity values, as is often done in the literature, such an assumption is not possible based on our data. Also, since no measurement of species that may contribute to directacting mutagenicity are available, it is not possible to comment on what type of interactions may be taking place between direct-and indirect-acting components.
Conclusions
In this study, the Ames assay protocol was implemented to measure the mutagenicity of extracts of biomass combustion aerosol. The Ames mutagenicity test on the organic extracts of PM2.5 particles from different stove-fuel systems showed lower mutagenicity for wood combustion than for dung cake and briquette combustion. The difference in mutagenicity emission factor for dung cake and briquette was not significant. Thus, exposures to emissions from briquette and dung cake combustion are likely to result in greater mutagenic risk compared to wood combustion. The mutagenicity observed for babul wood in this study is of similar order of magnitude but somewhat higher than those reported by other researchers for pine and oak wood. For the type of stoves studied, no significant stove effect was observed. Contrary to expectation, the traditional mud stove did not yield higher mutagenicity emissions compared to the improved stoves of fired clay and metal when tested across all fuels, although such an effect seemed to be present when TA98 data for wood alone was analyzed. Thus, it is recommended that for implicating stove effects conclusively, studies should be done across different fuel types. In our studies the TA100 mutagenicity values are higher than TA98 values indicating a higher probability of base-pair compared to frame-shift mutation. Moreover, the contribution of direct-acting mutagenicity to the overall mutagenicity is noted to be very significant. Such a high contribution of direct-acting mutagenicity has not been previously reported for biomass combustion aerosols.
